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Abstract
BACKGROUND: Excessive rates of nitrogen (N) fertilizers may result in elevated concentrations of nitrate (NO3
−) in plants.
Considering thatmany programs of biofortiﬁcationwith trace elements are being performed, it has become important to study
how the application of these elements aﬀects plant physiology and, particularly, N utilization in leaf crops. The main objective
of the present study was to determine whether the NO3
− accumulation and the nitrogen use eﬃciency was aﬀected by the
application of diﬀerent doses of Zn in Lactuca sativa plants.
RESULTS: Zn doses in the range 80–100𝛍mol L−1 produced an increase in Zn concentration provoking a decrease of NO3−
concentration and increase of the nitrate reductase, glutamine synthetase and aspartate aminotransferase activities, as well
as the photorespiration processes. As result, we observed an increase in reduced N, total N concentration and N utilization
eﬃciency. Consequently, at a dose of 80𝛍mol L−1 of Zn, the amino acid concentration increased signiﬁcantly.
CONCLUSION: Adequate Zn fertilization is an important critical player in lettuce, especially at a dose of 80𝛍mol L−1 of Zn,
because it could result in an increase in the Zn concentration, a reduction of NO3
− levels and an increase the concentration of
essential amino acids, with all of them having beneﬁcial properties for the human diet.
© 2016 Society of Chemical Industry
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INTRODUCTION
Micronutrient deﬁciencies such as, zinc (Zn), iron (Fe), iodine (I) and
vitamin A deﬁciencies are critical issues in the developing industri-
alized countries, and result in severe impairments of humanhealth
and development.1 Particularly, among micronutrients, Zn deﬁ-
ciency is occurring in both crops and humans.2 More than 3 billion
people worldwide suﬀer from micronutrient malnutrition, includ-
ingZndeﬁciency.2 In this situation, Zndeﬁciency can causegrowth
retardation, delayed skeletal and sexual maturity, dermatitis, diar-
rhoea, alopecia and defects in immune function, with a resulting
increase in the susceptibility to infection and maternal mortality
in humans.3
Recently, a complimentary solution to mineral malnutrition was
proposed, knownasbiofortiﬁcation.Although this strategy forbio-
fortiﬁcation is unproven as yet, it has the potential to become
both sustainable and cost eﬀective and to reach remote rural
populations.4 Concern about Zn, and the impact of its applica-
tion on increasing crop yields has been recorded for most crops,
both under irrigated and rainfed conditions,5 and the recent liter-
ature indicates that the combination of agronomic biofortiﬁcation
with breeding is an applicable and sustainable approach to the
Zn-deﬁciency problem in humans.6
In addition to the nutritional quality of agricultural products
destined for human consumption, another aspect to consider is
the fact that the rapid population growth over recent decades has
generated an increase in the demand for vegetable products. In
this sense, further estimates suggest that agricultural production
must increase by 70% in 2050 to feed over 9 billion people
worldwide5 and, because plants require nitrogen (N) in large
amounts, N frequently limits plant development. For this reason,
the application of N fertilizers is a common practice. However,
high N applications are costly andmay pollute surface and ground
waters. Indeed, excessive ratesofN fertilizersmay result in elevated
concentrations of nitrate (NO3
−) and high NO3
− concentrations
are accumulated in the edible parts of leafy vegetables.7 As a
result, a high consumption of these plants could lead to serious
pathological disorders in human health. That is, an excess of NO3
−
has been associated with respiratory problem, such as, the ‘blue
baby’ syndrome, blood disorders (methemoglobinemia) and the
formation of carcinogenic compounds in the human digestive
tract.8
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Particularly, green leafy vegetables are among the vegetable
species most susceptible to NO3
− accumulation, such as lettuce,
spinach, broccoli, cabbage, celery, radish and beetroot, etc. Espe-
cially, plants belonging to the Asteraceae family, such as lettuce,
are among those accumulating more NO3
− in their leaves7 and, as
a result of the health hazards arising from thehuman consumption
of NO3
− in lettuce, legislation has been introduced setting maxi-
mum limits on the nitrate contents of these crops.9
Because the consumption of these crops can harm human
health, the development of a suitable strategy and the cultivation
of edible crops with a low NO3
− content are both very important.
In this sense, N use eﬃciency (NUE) is an important environmental
and social issue.10 Maximizing N use and N utilization eﬃciency
(NUtE) of crop production can be achieved by optimizing the
supply of N tomeet the requirements of a crop during growth and
development, optimizing N supply in correlation with the desired
ﬁnal produce quality,11 or selecting and growing N-eﬃcient crop
genotypes, which, also has high commercial value because it can
increase yields with lower N application rates, even in soils where
N is a limiting element.12
In this respect, fortiﬁcation of horticultural produce, and leafy
vegetables in particular, could be a successful strategy for improv-
ing human diets, resulting in an increase in the value and quality
of the produce itself.11 In this sense, Hulagur and Dangarwala13
demonstrated that an application of N inﬂuences in the Zn absorp-
tion by plants and vice versa. Indeed, N and Znmay show synergis-
tic eﬀects and the best yield could be obtained with the optimum
combination of both nutrients. It is therefore of great importance
for growers to combine optimum N and Zn rates to achieve opti-
mum sustainable yields, improve product quality and minimize
adverse environmental eﬀects. For this reason, the N-nutritional
status of plants is an important critical player in root uptake and
the accumulation of Zn in plants and deserves special attention in
the biofortiﬁcation of food crops with Zn.14 The main objective of
the present study was to determine whether NO3
− accumulation
and NUE was aﬀected by the application of diﬀerent doses of Zn
and to clarify the inﬂuenceof this trace element in abiofortiﬁcation
program in lettuce plants. Accordingly, we analyzed the eﬀect of
Zn on nitrogen metabolism, photorespiration and the ﬁnal prod-
ucts of those processes.
MATERIALS ANDMETHODS
Plant materials and experimental design
Seeds of Lactuca sativa cv. Phillipus were germinated and grown
for 35 days in cell ﬂats of 3× 3× 10 cm ﬁlled with a perlite mixture
substratum. The ﬂats were place on benches in an experimental
greenhouse located in southern Spain (Granada, Motril, Sali-
plant SL, Spain). After 35 days, the seedlings were transferred
to a growth chamber under a 12:12 h photoperiod at a photo-
synthetic photon ﬂux density of 350 μmolm−2 s−1 (measured at
the top of the seedlings with a 190 SB quantum sensor; LICOR
Inc., Lincoln, NE, USA) at a day/night temperature of 22/18 ∘C
and 50% relative humidity. Under these conditions, the plants
were grown in hydroponic culture in lightweight polypropy-
lene trays (top diameter 60 cm, bottom diameter 60 cm, height
7 cm) in a volume of 3 L. At 35 days after germination and
throughout the experiment, control plants received a growth
solution, which was composed of: 4mmol L−1 KNO3, 3mmol L
−1
Ca (NO3)2 · 4H2O, 2mmol L−1 MgSO4 · 7H2O, 6mmol L−1
KH2PO4, 1mmol L
−1 NaH2PO4 · 2H2O, 2 μmol L−1 MnCl2 · 4H2O,
0.25 μmol L−1 CuSO4 · 5H2O, 0.1 μmol L−1 Na2MoO4 · 2H2O,
10 μmol L−1 Fe-ethylenediamine di-O-hydroxyphenyl acetic acid
(Sequestrene-138 FeG100) and 10 μmol L−1 H3BO3. At the same
time, treatments were applied with the same growth solution
amended with diﬀerent supra-optimal Zn concentration [10
(control plants), 20, 40, 80 and 100 μmol L−1 of ZnSO4 · 7H2O].
This solution, with a pH of 5.5–6.0, was changed every 3 days.
The experimental design was a randomized complete block with
six treatments arranged in individual trays with eight plants per
treatment and three replications each, so that the total number of
plants was 120.
Plant sampling
Edible lettuce leaves were sampled after 21 days further growth
under these conditions. The edible leaves of each treatment
washed with distilled water, dried on ﬁlter paper and weighed,
thereby obtaining freshweight (FW). Half of the edible leaves from
each treatment were frozen at −30 ∘C for later performance of
biochemical assays and the other half of the plant material sam-
pled dried in a forced air oven at 70 ∘C for 24 h to obtain the dry
weight (DW) and the subsequent analysis of the concentration of
Zn, NO3
−, NH4
+, reduced N and total N.
Zn concentration
For the determination of Zn concentration, a sample of 0.15 g
of dry material was subjected to a process of mineralization.
Mineral analysis was conducted using inductively coupled plasma
mass spectrometry. Brieﬂy, samples were further diluted 1:10 with
milli-Q water (Millipore, Billerica, MA, USA) and analyzed using
an inductively coupled plasma mass spectrometer (X-Series II;
Termo FisherScientiﬁc Inc., Waltham, MA, USA). Internal standards
included Sc (50 ngmL−1) and Ir (5 ngmL−1) in 2% TAG HNO3.
External multi-element calibration standards (Claritas-PPT grade
CLMS-2; SPEXCerti-Prep Ltd, Stanmore, UK) included Zn, in the
range 0–100 μg L−1. The Zn concentration was expressed as μg
g−1 DW.
Enzyme extractions and assays
Leaves were ground in a mortar at 0 ∘C in 50mmol L−1 KH2PO4
buﬀer (pH 7.5) containing 2mmol L−1 ethylenediaminetetracetic
acid (EDTA), 1.5% (w/v) soluble casein, 2mmol L−1 dithiothre-
itol (DTT), and 1% (w/v) insoluble polyvinylpolypyrrolidone. The
homogenate was ﬁltered and then centrifuged at 30 000× g for
20min. The resulting extract (cytosol and organelle fractions) was
used tomeasure enzyme activity of nitrate reductase (NR) and glu-
tamate dehydrogenase (GDH).
The NR assay followed the methodology of Kaiser and Lewis.15
The NO2
− formed was colorimetrically determined at 540 nm
after azocoupling with sulfanilamide and naphthylethylenedi-
amine dihydrochloride.
Glutamine synthetase (GS) was determined by an adapta-
tion of the hydroxamate synthetase assay published by Kaiser
and Lewis.15 Leaves were ground in a mortar at 0 ∘C in 50mL
of maleic acid-KOH buﬀer (pH 6.8) containing 100mmol L−1
sucrose, 2% (v/v) 𝛽-mercaptoethanol, and 20% (v/v) ethylene
glycol. The homogenate was centrifuged at 30 000× g for 20min.
The resulting extract was used to measure enzyme activity of
GS. The reaction mixture used in the GS assay was composed
of 100mmol L−1 KH2PO4 buﬀer (pH 7.5) with 4mmol L
−1 EDTA,
1000mmol L−1 L-sodium glutamate, 450mmol L−1 MgSO4 · 7H2O,
300mmol L−1 hydroxylamine, 100mmol L−1 ATP and enzyme
extract. Two controls were prepared: one without glutamine and
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the other without hydroxylamine. After incubation at 28 ∘C for
30min, the formation of glutamylhydroxamate was colorimetri-
cally determined at 540 nm after complexing with acidiﬁed ferric
chloride.
GDH activity was assayed by monitoring the oxidation of NADH
at 340 nm, essentially as indicated by Groat and Vance.16 The reac-
tion mixture consisted of 50mmol L−1 KH2PO4 buﬀer (pH 7.5) with
200mmol L−1 NH4
+ sulfate, 0.15mmol L−1 NADH, 2.5mmol L−1
2-oxoglutarate and enzyme extract. Two controls, without ketog-
lutarate and NH4
+ sulfate, respectively, were used to correct for
endogenous NADH oxidation. The decrease in absorbance was
recorded for 3min.
Aspartate aminotransferase (AAT) activity was assayed spec-
trophotometrically at 340 nm using the method published by
González et al.17 AAT enzymewas extracted in identical conditions
to GS. The reaction mixture consisted of 50mmol L−1 Tris–HCl
buﬀer (pH 8), 4mmol L−1 MgCl2, 10mmol L
−1 aspartic acid and
enzyme extract. The decrease in absorbance was recorded for
3min.
For determination of glutamate-glyoxylate aminotransferase
(GGAT), serine-glyoxylate aminotransferase (SGAT) and hydrox-
ypyruvate reductase (HPR), leaves were ground in a chilled mor-
tar in 100mmol L−1 Tris–HCl buﬀer (pH 7.3) containing 0.1% (v/v)
Triton X-100 and 10mmol L−1 DTT. The homogenate was cen-
trifuged at 20 000× g for 10min. The resulting extract was used
to measure enzyme activity. GGAT activity was measured by
coupling the reduction of 2-oxoglutarate by NADH in a reac-
tion catalyzed by GDH. The reaction was assayed in a mixture
containing 100mmol L−1 Tris HCl (pH 7.3), 20mmol L−1 gluta-
mate, 1mmol L−1 glyoxylate, 0.18mmol L−1 NADH, 0.11mmol L−1
pyridoxal-5-phosphate, 83mmol L−1 NH4Cl and 0.3 U of GDH in a
ﬁnal volume of 0.6mL.18
SGAT activity was measured by determining the rate of glycine
formation from glyoxylate.18 The reaction was assayed in a mix-
ture containing 100mmol L−1 Tris–HCl (pH 7.3), 5mmol L−1 serine,
1mmol L−1 glyoxylate, 0.11mmol L−1 pyridoxal-5-phosphate,
83mmol L−1 NH4Cl and 0.3 U of GDH in a ﬁnal volume of
0.6mL. After 20min of incubation, the reaction was terminated
by adding four volumes of absolute ethanol and heating at
80 ∘C.
The HPR assay was performed with 100mmol L−1 Tris–HCl
(pH 7.3), 5mmol L−1 hydroxypyruvate and 0.18mmol L−1 NADH.
Activity was assayed spectrophotometrically bymonitoring NADH
oxidation at 340 nm.18
The protein concentration of the extracts was determined
according to the method of Bradford,19 using bovine serum
albumin as the standard.
N forms analysis and nitrogen use eﬃciency
NO3
− was analyzed from an aqueous extraction of 0.1 g DW in
10mL of Millipore-ﬁltered water. An aliquot of 100𝜇L was taken
for NO3
− determination and added to 10% (w/v) salicylic acid
in sulfuric acid at 96%, measuring the NO3
− concentration by
spectrophotometry as performed by Cataldo et al.20 Ammonium
(NH4
+) was analyzed from an aqueous extraction and was deter-
mined by using the colorimetric method described by Krom.21
For the reduced N determination, a sample of 0.15 g DW was
digested with sulfuric acid and H2O2. After dilution with deion-
ized water, an aliquot (1mL) of the digest was added to the reac-
tion medium containing buﬀer (5% potassium sodium tartrate,
100mmol L−1 sodium phosphate and 5.4% w/v sodium hydrox-
ide), 15%/0.03% (w/v) sodium silicate/sodium nitroprusside and
5.35% (v/v) sodiumhypochlorite. Samples were incubated at 37 ∘C
for 45min, and reduced N was measured by spectrophotometry
according to the method of Baethgen and Alley.22 Total N con-
centration (TNC) was assumed to represent the sum of reduced
N and NO3
−. NUtE was calculated as leaves tissue DW divided
by TNC.23
Amino acid analysis by oPA-high-performance liquid
chromatography (HPLC)
Soluble amino acids were extracted in 0.85mL of 80% ethanol, left
for 15min at 4 ∘C, and centrifuged. The supernatant was ﬁltered
through Sep-Pak C18 Light Cartridges (Waters, Milford, MA, USA).
An aliquot (50𝜇L) of the extract was derivatized for 1minwith oPA
and separated by HPLC for amino acid analysis. Chromatographic
equipment was from obtained Gilson Inc. (Middleton, WI, USA).
The oPA derivatives were separated on a reverse-phase C18 ultras-
phere column (250× 4.6mm). Solvent A consisted of 50mmol L−1
NaOAc (pH 7) plus 1% tetrahydrofurane, and solvent B was abso-
lute methanol (Carlo Erba, Milan, Italy). A sample (20𝜇L) of the
mixture was injected and eluted at a ﬂow rate of 1mLmin−1. The
eluted oPA derivatives were detected by a ﬂuorometer detector
(model 121; Gilson Inc.). Quantiﬁcation of single amino acids was
made against a relative calibration curve and expressed as μmol
g−1 FW.24
Statistical analysis
Data were subjected to a simple analysis of variance
(ANOVA) at 95% conﬁdence, using Statgraphics, version 5.1
(http://www.statgraphics.com). Means were compared by Fisher’s
least-signiﬁcant diﬀerences (LSD). P< 0.05 (*), P< 0.01 (**) and
P< 0.001 (***) were considered statistically signiﬁcant for both
analyses, or as NS (not signiﬁcant).
RESULTS
Biomass and Zn concentration
The present study clearly demonstrated that the application of
increasing doses of Zn does not lead to a decrease in the biomass
of the edible part of L. sativa with respect to the basal dose
(Table 1). In addition, an increase in the dose of Zn supple-
mented in the nutrient solution was accompanied by a concomi-
tant increase in the concentration of Zn in the edible part of L.
sativa (Table 1).
Table 1. Eﬀect of Zn supplementation on biomas (DW) and Zn







10 1.75± 0.31a 75.47± 3.18f
20 1.50± 0.24a 115.74± 0.60e
40 1.59± 0.12a 131.64± 4.25d
80 1.42± 0.12a 232.77± 2.64b
100 1.66± 0.01a 265.25± 3.58a
P-value NS ***
LSD0.05 0.60 9.80
*P< 0.05, **P< 0.01, ***P< 0.001. NS, not signiﬁcant. Means followed
by the same superscript lowercase letter do not diﬀer signiﬁcantly.
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Figure 1. Response of NO3
− concentration (A, B) and NR activity (C) in
the edible part of L. sativa submitted to diﬀerent Zn application. Values
are means (n= 9) and diﬀerences between means were compared using
Fisher’s test least signiﬁcant diﬀerence (LSD, P= 0.05).
Nitrate reduction
In general, when the dose of Zn was increased in the nutrient
solution from 20 μmol L−1, the NO3− concentration decreased sig-
niﬁcantly with respect to the control (P< 0.001) (Fig. 1A, B). Like-
wise, NR activity was positively aﬀected when the dose of Zn was
increased in the nutrient solution, reaching maximum values with




+ concentration decreased signiﬁcantlywhen the doses of
Zn applied were in the range 20–80 μmol L−1 (p< 0.001) (Fig. 2A).
With respect toGS andAAT activities, both enzymes showed a sim-
ilar pattern. With an increasing Zn dose, there was an increase in
both activities, reaching maximum values when the dose applied
was 80 μmol L−1 with respect to control plants (P< 0.001) (Figs 2B
and 3B). Finally, GDH activity was aﬀected negatively; except with
a dose of 20 μmol L−1, reaching minimum values when the dose
appliedwas 100 μmol L−1 with respect to control plants (P< 0.001)
(Fig. 3A).
Figure2.ResponseofNH4
+ concentration (A) andenzymes responsible for
NH4
+ assimilation: GS in the edible part of L. sativa submitted to diﬀerent
Zn application (B). Values are means (n= 9) and diﬀerences between
means were compared using Fisher’s test least signiﬁcant diﬀerence (LSD,
P= 0.05).
Photorespiratory cycle
GGAT, SGAT and HPR activities were markedly increased when
the Zn dose was increased in the solution (Table 2). GGAT
increased signiﬁcantly when the dose applied was in the range
20–80 μmol L−1 (Table 2). On the other hand, SGAT increased for all
Zn treatments, reaching the higher value at a dose of 100 μmol L−1
of Zn with respect to 10 μmol L−1 (Table 2). Finally, the HPR activity
increased strongly for all treatments, reaching maximum values
when the dose applied was 80 μmol L−1 with respect to the basal
Zn dose (Table 2).
Nitrogen use eﬃciency
The reduced N concentration increased as Zn supplementation
was increased, reaching maximum values at a dose of 20, 80
and 100 μmol L−1 with respect to the basal dose of Zn (P< 0.001)
(Fig. 4A). Likewise, TNCwas not aﬀected negatively, showing a sig-
niﬁcant increasewhen thedoses appliedwere 20 and100 μmol L−1
(P< 0.05) (Fig. 4B). Finally, NUtE was positively correlated with an
increase of the dose of Zn applied in the nutrient solution, reach-
ingmaximumvalueswhen thedoseappliedwas100 μmol L−1 with
respect to 10 μmol L−1 (P< 0.001) (Fig. 4C).
Amino acid proﬁle
In general, glutamine (Gln), aspartate (Asp), asparagine (Asn),
leucine (Leu), isoleucine (Ile), threonine (Thr), tyrosine (Tyr), Lysine
(Lys), serine (Ser), glycine (Gly), alanine (Ala), arginine (Arg) and
tryptophan (Trp) increasedwhen the Zndoses applied in the nutri-
ent solution were higher than the control treatment (Table 2). The
amino acids Gln, Asn, Thr, Tyr and Ser were increased in the range
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Figure 3. Response of GDH (A) and AAT (B) under diﬀerent Zn supplemen-
tation in the edible part of L. sativa. Values aremeans (n= 9) anddiﬀerences
between means were compared using Fisher’s test least signiﬁcant diﬀer-
ence (LSD, P= 0.05).
Table 2. Response of some photorespiration enzymes in the edible









10 4.55± 0.11b 1.47± 0.03e 0.27± 0.00c
20 5.81± 0.20a 2.41± 0.04c 0.39± 0.01ab
40 5.58± 0.19a 1.83± 0.04d 0.39± 0.01ab
80 5.78± 0.14a 2.73± 0.04b 0.40± 0.01a
100 5.02± 0.24b 3.10± 0.13a 0.37± 0.01b
P-value *** *** ***
LSD0.05 0.52 0.20 0.02
*P< 0.05, **P< 0.01, ***P< 0.001. NS, not signiﬁcant. Means followed
by the same superscript lowercase letter do not diﬀer signiﬁcantly.
40–80 μmol L−1.Moreover, an increase in the Zn concentration at a
does of 80 μmol L−1 resulted in themaximum values of Leu and Ile
with respect to the control plants. Finally, at a dose of 100 μmol L−1
of Zn, the amino acids Asp, Asn and Arg were increased with
respect to the basal dose (Table 2). However, the amino acids Phe
and His decreased when the plants were grown at doses higher
than 10 μmol L−1 (Table 2).
DISCUSSION
Znhas emerged as themostwidespreadmicronutrient deﬁciency
in soils and crops worldwide, resulting in severe yield losses and
deterioration in nutritional quality.2 For this reason, among other
essential parameters, an appropriate supply of micronutrients is
also essential for the proper growth and yield of a crop. In this
sense, the biofortiﬁcation of crops has been proposed as a way
Figure 4. Eﬀect of diﬀerent Zn supplementations on the foliar concentra-
tion of reducedN (A) and TNC (B) andNUtE (C) in the edible part of L. sativa.
Values are means (n= 9) and diﬀerences between means were compared
using Fisher’s test least signiﬁcant diﬀerence (LSD, P= 0.05).
of improving plant food nutritional quality, and is deﬁned as the
process of raising the concentration of bioavailable essentials,
including Zn, in the edible parts of crops through agricultural
practices or genetic selection.4
Regarding the essential parameters in research on nutrient eﬃ-
ciency, biomass determination is one where, especially in lettuce
plants, the growth of the aerial part is a determining factor in the
agricultural value of this crop.25 The results obtained in the present
studywith respect to thebiomassof theedibleparts reveal that the
doses of Zn applied maintained the biomass of the edible parts of
L. sativa plants in all treatments with respect to the control plants
(Table 1). Similar to our results, recent studies have demonstrated
that an adequate application of Zn can improve nutritional quality
and production in pea plants.26
On the other hand, we showed that an increase in Zn in the
nutrient solution was correlated with a higher concentration of
Zn in the edible parts of L. sativa, reaching maximum values for
a dose of 100 μmol L−1 of Zn, representing values of up to 251%
with respect to the control plants without reaching the levels
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considered to be toxic (>300 μgg−1 DW) (Table 1). Similar eﬀects
have been demonstrated in plants of Thlaspi caerulescens, Brassica
oleracea and Lactuca sativa plants.27,28 Based on these results, we
can deﬁne all of the doses used in the present study as optimal and
supra-optimal (<700 μgg−1 DW).
Nplays a pivotal role in the plantmetabolismandhence in deter-
mining growth. The inorganic nutrition of plants has been domi-
nated by the N because it improves both quantity and quality of
the produce.29 However, an excessive use of N fertilizers has gen-
erated serious environmental contamination. Indeed, a high NO3
−
concentration is important in plants grown for human consump-
tionbecauseahigh intakeof this nutrient canbeharmful tohuman
health, and therefore diminishes the nutritional quality of crops.7
Thus, great eﬀorts have been made with respect to reducing the
NO3
− foliar content in lettuce, such as by partial substitution of
NH4
+ for NO3
− in pots ﬁlled with an organic substrate,30 and, in
recirculating nutrient solution, an application of diﬀerent doses of
N and biofortiﬁcation programs with minerals including selenium
and iodine.11,31,32
Figure 1A shows the results for the foliar concentration of
NO3
−, with a signiﬁcant decline when the application of Zn was
higher than 20 μmol L−1. Moreover, the European Commission9
has set upper NO3
− limits in lettuce leaves of between 3500 and
4500mg kg−1 FW, and it should be noted that theNO3
− concentra-
tions in thepresent studywerebelow the imposed limit, regardless
of the rate Zn applied (Fig. 1B), suggesting that an adequate sup-
plementation of Zn increases the quality of lettuce. Similar to our
results, Stefanelli et al.11 have demonstrated that normal fertiliza-
tionwithNwill increase lettuce quality, reducing theNO3
− content
and increasing essential elements such as Zn, as well as increasing
antioxidant capacity. However, the eﬀect of Zn biofortiﬁcation on
the NO3
− concentration in L. sativa has not yet been studied. In the
present study, we conﬁrm that an adequate application of Zn is a
powerful tool in these horticultural plants.
It is well known that Zn is required as a structural and catalytic
component of enzymes for normal growth and development.
Indeed, Zn is very closely involved in the Nmetabolism of plants.33
With respect to this metabolism, the enzyme NR plays a key role in
the reduction of NO3
−.34 The present data reveal that an increase
of Zn in the nutrient solution promoted a sharp increase of NR
activity of up to63% (80 μmol L−1) and97% (100 μmol L−1) (Fig. 1C).
Some studies have demonstrated a high inhibition of NR under
Zn deﬁcient conditions in plants of Oryza sativa and Pennisetum
americanum such as under Zn toxicity in Triticum aestivum.35,36
However, in leavesof L. sativa, an increaseof theZndose resulted in
ahigher concentrationof this elementwitha concomitant increase
of the NR activity (Fig. 1C). Our data are in concordance with a
recent study reporting that an increase of Zn was correlated with
NR activity in Cicer arietinum.37 Likewise, an increase in the NR
activity explains the drastic decline of the NO3
− concentration
(Fig. 1A, C), encouraging the normal growth of the edible parts of
L. sativa (Table 1).
In most higher plants, the primary assimilation of NH4
+ into
glutamine (Gln) occurs through the cooperative activity of GS
and glutamine oxoglutarate aminotransferase (GOGAT). Because
NH4
+ is highly toxic in plants, this is quickly absorbed by the
GS/GOGAT cycle. In this respect, GS plays a central role in N
metabolism and has been considered as the major assimilatory
enzyme for ammonia produced from N ﬁxation, as well as NO3
−
or NH4
+ nutrition.38 In the present study, we show that the NH4
+
concentration in the leaves does not increase, or even decrease,
with an increase in the Zn dose (Fig. 2A). Additionally, GS activity
in L. sativa plants was strongly aﬀected positively at Zn doses
higher than 40 μmol L−1 and it should be noted that an application
of 80 μmol L−1 resulted in up to 57% higher activity with respect
to the control plants (Fig. 2B). In accordance with the results of
the present study, Thomsem et al.39 have demonstrated a strong
correlation between the levels of NH4
+ and GS activity. Thomsem
et al.39 concluded that an overexpression of GS in leaves could be
advantageous for eﬃcient NH4
+ assimilation and also the export
of amino acids via the phloem, promoting plant growth. Indeed,
the overexpression of this enzyme promoted a decrease of NH4
+
of up to seven-fold less than that in tobacco plants.40 Regarding
Zn, a decline of the GS activity was noted in P. americanum under
Zn deﬁciency.35 Furthermore, in the present study, we observed
a positive correlation for NO3
−–NR–GS (Figs 1A, C and 2B). For
this reason, the Zn doses applied were adequate for inducing
the eﬀective reduction of NO3
− and NH4
+ assimilation in the
edible parts of L. sativa, especially when the Zn doses applied was
80 μmol L−1.
Additionally, GDH can catalyze the reversible reaction of NH4
+
and 2-oxoglutarate to glutamate (Glu). However, this double phys-
iological function has recently stimulated considerable debate
because GDH has been found to have a low Km for NH4
+, indi-
cating that it is unlikely to act in favor of biosynthesis. In L. sativa
leaves, the activity of GDH decreased at the same time that the
Zn dose was higher than 60 μmol L−1 (Fig. 3A). Some studies have
revealed that GDH levels also increase under various stress condi-
tions and, again, the plantmaywell need to give priority to carbon
metabolism and keto-acid production over Nmetabolism.38 In this
sense, Frechilla et al.41 have indicated that GDH also participates in
the assimilation of N in the presence of GSwhen the concentration
of NH4
+ is elevated. On the other hand, some studies have demon-
strated that toxic levels of NH4
+ in plants can reduce GS activity.
According to the results of the present study, we can deﬁne the
Zn doses applied as being appropriate in a biofortiﬁcation pro-
gram with this element because an increase of this element pro-
moted a higher activity of the key enzyme of the N metabolism
(NR, GS) improving NO3
− reduction, such as via NH4
+ assimilation.
Finally, the enzymeAATplays a key role in themetabolic regulation
of C and N metabolism in all organisms. In general, but particu-
larly under C shortage, the action of AAT ensures that the diﬀer-
ent keto-acids needed by the plant are available.38 In this respect,
L. sativa showed a similar eﬀect on AAT activity with respect to
NR and GS, in that an increase of the application of Zn induced
a concomitant increase of AAT activity, with the maximum val-
ues obtained at 80 μmol L−1, reaching values of up to 109% with
respect to the basal dose (Fig. 3B). An increase of NR and GS could
promote a higher use of the Gln and Glu produced from the cycle
GS/GOGAT and, subsequently, the formation of aspartate (Asp)
and other essential amino acids required for development by AAT
activity. As noted above, the biomass of the edible part of L. sativa
was not aﬀected negatively (Table 1) and this could be the result
of eﬃcient amino acid synthesis by AAT activity.
In addition, NH4
+ is continuously formed during various
metabolic processes in the tissues of higher plants. These pro-
cesses are generally referred to as secondary NH4
+ assimilation
and include amino acid and protein catabolism, phenylpropanoid
biosynthesis and, especially, photorespiration.
N metabolism is complicated in the leaves of C3 plants by ﬂuxes
of NH4
+ around the photorespiratory cycle, which can involve
20-fold more NH4
+ than that generated by the reduction of
NO3
−.42 For this reason, photorespiration has been considered as
a wasteful process.43 In this regard, photorespiration suppression
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Table 3. Impact of Zn supplementation on amino acid concentration in the edible part of L. sativa
Zn dose (μmol L−1)
Amino acids
(mmol g−1 FW) 10 20 40 80 100 P-value LSD0.05
Glu 7.50± 0.00a 5.77± 0.07c 7.59± 0.17a 6.55± 0.02b 4.54± 0.12d *** 0.32
Gln 0.56± 0.00d 1.70± 0.61c 2.04± 0.06b 2.41± 0.20a 1.69± 0.05c *** 0.10
Asp 2.64± 0.21c 3.75± 0.03b 2.40± 0.08c 3.61± 0.04b 4.34± 0.30a *** 0.54
Asn 0.47± 0.01b 0.54± 0.00b 0.67± 0.01b 0.67± 0.01b 1.54± 0.15a *** 0.21
Leu 0.56± 0.02b 0.64± 0.02a 0.59± 0.00b 0.66± 0.01a 0.44± 0.00c *** 0.04
Ile 0.52± 0.02c 0.58± 0.01b 0.58± 0.00b 0.62± 0.01a 0.59± 0.01ab *** 0.04
Thr 0.87± 0.00c 0.81± 0.00d 0.94± 0.00a 0.90± 0.01b 0.68± 0.01e *** 0.02
Tyr 0.09± 0.00c 0.09± 0.00c 0.12± 0.00a 0.11± 0.00b 0.10± 0.00c *** 0.01
Lys 4.71± 0.12b 5.55± 0.02a 5.70± 0.04a 5.52± 0.03a 3.76± 0.01c *** 0.18
Ser 1.74± 0.02c 1.41± 0.02d 2.37± 0.02a 2.08± 0.01b 1.60± 0.01c *** 0.14
Gly 0.09± 0.00d 0.12± 0.00c 0.37± 0.01a 0.17± 0.00b 0.13± 0.01c *** 0.02
Ala 2.26± 0.01d 2.28± 0.00d 4.06± 0.02a 3.40± 0.00c 3.87± 0.04b *** 0.07
Phe 0.82± 0.06a 0.61± 0.00b 0.63± 0.00b 0.64± 0.01b 0.45± 0.00c *** 0.09
Trp 0.39± 0.01d 0.67± 0.01a 0.51± 0.01b 0.49± 0.001c 0.36± 0.00e *** 0.03
His 3.74± 0.01a ND 0.36± 00b ND 0.24± 0.01c *** 0.04
Arg 0.48± 0.00d 0.65± 0.01b 0.54± 0.00c 0.35± 0.00e 1.31± 0.01a *** 0.04
Val 0.26± 0.01a 0.25± 0.00a 0.25± 0.00a 0.24± 0.01a 0.23± 0.02a NS 0.03
*P< 0.05, **P< 0.01, ***P< 0.001. ND, not detected; NS, not signiﬁcant. Means followed by the same superscript lowercase letter do not diﬀer
signiﬁcantly.
has negative eﬀects on plants, producing a decrease in the CO2
assimilation rate, poor vegetable growth and alterations in chloro-
plast structure. In this sense, Shi-Wei et al.44 indicated that this pro-
cess can provide protection against photoinhibition and increase
protection against diﬀerent types of stress. Likewise, photorespi-
ration appears to be an essential process in the control of amino
acid biosynthesis and metabolism.43 Igarashi et al.43 have demon-
strated that the peroxisomal glyoxylate aminotransferases (GGAT
and SGAT) play a central rolewithin the photorespiratory pathway.
In the present study, in general, we observed that, with an increase
in Zn doses in the nutrient solution, the enzymes GGAT and SGAT
showed higher activities than the control plants, reaching values
of up 27% (80 μmol L−1) for GGAT activity and 86% (80 μmol L−1)
or 111% (100 μmol L−1) (Table 2). On the other hand, the enzyme
HPR completes this cycle. In the present study, this enzyme exhib-
ited a similar eﬀect as GGAT and SGAT (Table 2). A dose in the range
20–100 μmol L−1 promoted an increase in HPR activity, especially
at doses of 80 μmol L−1, reaching values of up to 37%with respect
to basal doses (Table 2).
On the other hand, the photorespiratory nitrogen cycle con-
tributes to the metabolism of certain amino acids (Gln, Glu, Ser
and Gly). In this way, GGAT, SGAT and HPR could function coop-
eratively in the production of amino acids.43 For this reason, in L.
sativaplants, an increase of GGAT, SGAT andHPR activities (Table 2)
can promote the integration of carbonated skeletons from pho-
torespiration into the Calvin cycle, promoting the reduction and
assimilation of N. Based on these results, we can conclude that the
Zn doses applied in the present study, especially 80 μmol L−1 of Zn,
could be suﬃcient for maintaining an suitable balance of C/and N
andpromoting the amino acid synthesis and normal growth of the
edible parts of L. sativa (Table 1).
Zn deﬁciency in plants decreases yield and quality, and results
in sub-optimal nutrient-use eﬃciency.5 In addition, an improve-
ment of NUE is a major goal for crops, in which the selection
and growth of N-eﬃcient crops is a special issue.10–38 However,
there is still a lack of suﬃcient experimental data to enable con-
clusions to be made about the eﬀects of micronutrients on the
uptake and utilization of other essential plant nutrients. Likewise,
Erenoglu et al.14 indicated that the N-nutritional status of plants is
an important critical player in root uptake and the accumulation
of Zn in plants and deserves special attention with respect to the
biofortiﬁcation of food crops with Zn. Furthermore, the possible
involvement of this element in NUE, and consequently the con-
centration of total reduced N, oﬀers some idea of the interaction
between Zn and N and therefore of the potential repercussions for
plant growth and development. Figure 4A shows that the value
for reduced N was maintained or even higher when the dose of
Zn applied was higher, reaching maximum values of up to 27%
(100 μmol L−1) respect to control plants. Smirnnoﬀ and Stewart45
demonstrated that Zn deﬁciency can cause a decrease in the con-
centrations of reduced N compounds and the development of
shoots. Additionally, the leaf N concentration not only represents
Nuptake andnutrition status in plants, but also is highly correlated
with plant growth and biomass. Moreover, TNC was also deter-
mined as indices of the NO3
− nutrition status of pure hydroponic
grown.46 With respect to TNC, we showed a similar eﬀect of this
index on the reduced N concentration (Fig. 4B).
Similar to our results, Hernandez et al.46 demonstrated a posi-
tive correlation in the TNC and NR wiith respect to NO3
− status in
plants. Finally, another index used for NUE deﬁnitions is NUtE.23 In
this regard, Fig. 4C shows that an increase of Zn dose leads to an
increase of this parameter, reaching maximum values with higher
doses, especially 100 μmol L−1 (50% higher than basal dose). On
the basis of our results, these data suggest that adequate fertiliza-
tion with Zn can promote NUE in L. sativa plants.
N metabolism process involves uptake, transport, assimilation
and utilization for amino acid biosynthesis and, ultimately, for
growth, and all of these steps are crucial for NUtE.47 Some diﬀerent
studies have demonstrated that an increase of enzymatic N activ-
ities are strongly implicate in a NutE (i.e. NR, GS and GGAT).39,43,46
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In the present study, the activities of NR, GS, AAT, GGAT, SGAT and
HPR were strongly correlated with NUE in the edible parts of let-
tuce, promoting the accumulation of N compounds and the nor-
mal growth of this organ.
Finally, amino acid metabolism is tightly linked to carbohydrate
metabolism, NH4
+ (absorbed and synthesized from NO3
−) and
the demand for protein synthesis and secondary metabolism.
For this reason, the regulation of amino acid content, ﬂuxes and
transport through the plant is thus critical for plant adaptation
to carbon and nitrogen status and development. In general, on
the basic of our results, we can conﬁrm that a Zn-biofortiﬁcation
program at a dose in the range 40–100 μmol L−1 can promote
an increase in the amino acid concentration (Table 2). That is, in
the range 40–80 μmol L−1, the amino acids Gln, Asn, Thr and Tyr
were increased and these data could be explained by the higher
activities of the enzymes involved in N metabolism, such as GS
and AAT (Figs 2B and 3B and Table 2). Moreover, an increase of
both enzymes was accompanied by an increase of Asp and Ile
when the dose applied was 80 μmol L−1 with respect to the basal
dose (Table 2). On the other hand, at a dose of 100 μmol L−1, we
observed that an increase of the amino acid Asp was correlated
with an increase of the amino acid Asn, and this could explain
the increase of the asparagine synthetase activity, which in turn
could explain the decrease of the transport of certain amino acids,
such as Thr and Lys in this treatment (Table 2). Finally, there was
an increase of Ser and Gly concentrations with respect to control
plants (Table 2). These results are related to the higher activities
observed in some of the enzymes involved in the secondary
assimilation of NH4
+, such as GGAT, SGAT and HPR (Table 3). Our
results are in concordance with those of Samreen et al.,48 who
demonstrated that Zn content and N compound concentrations
were higher when a higher dose of Zn was applied. On the
basic of the results of the present study, L. sativa grown under
a Zn-biofortiﬁcation programme can promote NUtE through the
synthesis of the primary metabolites necessary for normal growth
of the plant, some of which are essential (or semi-essential) for
human health, such as Thr, Leu, Ile, Gln and Tyr.
CONCLUSIONS
Considering that many programmes of biofortiﬁcation with trace
elements arebeingperformed, it hasbecomeextremely important
to study how the application of these elements aﬀects plant
physiology and, particularly, N utilization in leaf crops. As far as we
know, the present study is the ﬁrst to have studied the eﬀect of Zn
application on NO3
− accumulation and utilization in lettuce, and
the results, apart frombeing revealing, have practical implications.
The results reported here indicate that an application of Zn in the
range 80–100 μmol L−1 produces an increase in Zn concentration,
provoking a decrease of NO3
− because an increase of this element
was suﬃcient to promote N metabolism (NR, GS and AAT) and
the photorespiration process (GGAT, SGAT and HPR). As result, we
observed an increase in reduced N, TNC and NUtE. Consequently,
at a dose of 80 μmol L−1 of Zn, the amino acid concentration
increased signiﬁcantly, including the concentration of amino acids
essential for human health (i.e. Leu, Ile and Thr). In conclusion,
adequate Zn fertilization is an important critical player in lettuce,
making it possible to increase lettuce productivity and quality,
especially with 80 μmol L−1 of Zn because it could result in an
increase in the Zn concentration, a reduction of NO3
− levels and
an increase in the concentration of essential amino acids, with all
of these compriisng beneﬁcial properties for the human diet.
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